Development of structure in natural silk spinning and poly(vinyl alcohol) hydrogel formation. by Willcox, Patricia Jeanene
University of Massachusetts Amherst
ScholarWorks@UMass Amherst
Doctoral Dissertations 1896 - February 2014
1-1-1998
Development of structure in natural silk spinning
and poly(vinyl alcohol) hydrogel formation.
Patricia Jeanene Willcox
University of Massachusetts Amherst
Follow this and additional works at: https://scholarworks.umass.edu/dissertations_1
This Open Access Dissertation is brought to you for free and open access by ScholarWorks@UMass Amherst. It has been accepted for inclusion in
Doctoral Dissertations 1896 - February 2014 by an authorized administrator of ScholarWorks@UMass Amherst. For more information, please contact
scholarworks@library.umass.edu.
Recommended Citation
Willcox, Patricia Jeanene, "Development of structure in natural silk spinning and poly(vinyl alcohol) hydrogel formation." (1998).
Doctoral Dissertations 1896 - February 2014. 982.
https://scholarworks.umass.edu/dissertations_1/982

DEVELOPMENT OF STRUCTURE IN
NATURAL SILK SPINNING AND
POLY(VINYL ALCOHOL) HYDROGEL
FORMATION
A Dissertation Presented
by
PATRICIA JEANENE WILLCOX
Submitted to the Graduate School of the
University of Massachusetts Amherst in partial fulfillment
of the requirements for the degree of
DOCTOR OF PHILOSOPHY
September 1998
Polymer Science and Engineering
© Copyright by Patricia Jeanene Willcox 1998
All Rights Reserved
DEVELOPMENT OF STRUCTURE IN
NATURAL SILK SPINNING AND
POLY(VINYL ALCOHOL) HYDROGEL
FORMATION
A Dissertation Presented
by
PATRICIA JEANENE WILLCOX
Approved as to style and content by:
Samuel P. Gido, Chair
Polymer Science & Engineering
ACKNOWLEDGMENTS
My education at the University of Massachusetts has been a tremendous growth
experience, both personally and professionally. I have been privileged to work with
professors and peers who have fostered my development from a student of science into a
scientist. My deepest debt of gratitude goes to Professor Sam Gido, my thesis advisor.
The balance between empathy and high expectations is a delicate one, but Professor Gido
has been successful at finding that balance and motivating me to produce my best. I have
also had the unique opportunity of developing truly collaborative relationships with
members of my thesis committee, particularly Professors Jan van Egmond and David
Hoagland. Thanks go to all of my committee members, including Professor David
Tirrell, for their patience and encouragement.
I would also like to thank the members of the Gido research group, past and
present, for the camaraderie, the commiseration, and the very good lessons in advanced
interpersonal relationships. Thanks also go to the members of the van Egmond research
group.
On a personal note, I want to thank my family—my father, Bill Broadway, and
my mother, Jean King. Their support through the most difficult stretches made the
difference in my finally arriving at this point. Thanks also go to my family in Amherst,
the members of Agape Community Church.
Most importantly, I want to thank my husband, Alan Willcox. Alan and I met in
my second year of graduate school, a few weeks before my ninth cumulative exam.
There can be no doubt that he knew what was ahead from the very beginning, but he
iv
thought the challenge worthwhile. He has done more than I could have even asked for to
bring me to this point, and I will forever be grateful.
And to the One who is faithful—may all my efforts bring you glory.
V
ABSTRACT
DEVELOPMENT OF STRUCTURE IN NATURAL SILK SPINNING AND
POLY(VINYL ALCOHOL) HYDROGEL FORMATION
SEPTEMBER 1998
PATRICIA JEANENE (BROADWAY) WILLCOX
B.S., UNIVERSITY OF SOUTHERN MISSISSIPPI
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Samuel P. Gido
This research involves the characterization of structure and structure formation in
aqueous systems. Particularly, these studies investigate the effect of various processing
variables on the structure formation that occurs upon conversion from aqueous solution to
fiber or hydrogel. The two processes studied include natural silk fiber spinning and
physical gelation of poly(vinyl alcohol), PVOH, in water. The techniques employed
combine cryogenic technology for sample preparation and direct observation by
transmission electron microscopy with electron diffraction, atomic force microscopy,
optical rheometry, X-ray scattering and optical microscopy.
In order to explore the full range of structure formation in natural silk spinning,
studies are conducted in vivo and in vitro. In vivo structural investigations are
accomplished through the cryogenic quenching and subsequent microtoming of live silk-
spinning animals, Nephila clavipes (spider) and Bombyx mori (silkworm). Observations
made using transmission electron microscopy, electron diffraction and atomic force
vi
microscopy indicate a cholesteric liquid crystalline mesophase of aqueous silk fibroin in
both species. The mechanism of structure formation in solution is studied in vitro using
optical rheometry on aqueous solutions made from regenerated Bomhyx mori cocoon silk.
Concentrated solutions exhibit birefringence under flow, with a wormlike conformation
of the silk molecules in concentrated salt solution. Changes in salt concentration and pH
of the aqueous silk solutions result in differing degrees of alignment and aggregation.
These results suggest that structural control in the natural silk spinning process is
accomplished by chemical manipulation of the electrostatic interactions and hydrogen
bonding between chains.
Application of cryogenic methods in transmission electron microscopy also
provides a unique look at hydration-dependent structures in gels of poly(vinyl alcohol)
produced by freeze-thaw processing. Morphologies ranging from circular pores to
fibrillar networks are observed in gels formed from aqueous PVOH solutions subjected to
cycles of freezing and thawing. These morphologies can be directly associated with the
progressive nature of the mechanism of gelation as it proceeds from liquid-liquid phase
separation to crystallization with increased cycling. A comparison of the structures
produced by cycling and by aging suggests that there is a similarity in structural changes,
but a superposition of the effects of cycling and aging is not possible.
vii
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CHAPTER 1
INTRODUCTION TO AQUEOUS SYSTEMS AND STRUCTURE FORMATION
The properties and processing behavior of polymers in aqueous media depend
strongly on the interactions between the polymer and the water, in addition to the
interactions between polymer chains. This research seeks to corroborate data obtained by
standard methods employed to study such systems, for example, rheometry and scattering
techniques, with novel data acquired through the development of cryogenic electron
microscopy. The ability to study vitrified samples with minimal artifacts is an important
advance over historically employed techniques to study the morphologies and
microstructures of hydrated samples. With cryogenic techniques, it is possible to directly
observe important structural development that determines the behavior and mechanical
properties of these materials.
Aqueous Systems
Solubility of a molecule in water is determined by the presence of hydrophilic
functional groups. For a polymer, the hydrophilic functionality may reside along the
backbone or in pendant side groups. The composition, location, and frequency of these
functionalities give rise to the primary structure of the molecule in solution. Secondary
structure, which is related to the configuration and conformation of the molecule, can be
strongly influenced by the presence of hydrophilic groups and the potential for
intramolecular interactions, such as may arise from hydrogen bonding, ionic interactions.
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or hydrophobic group association within a water-soluble polymer chain. These same
potential interactions also affect higher-order structure formation in the polymer system.!
Solution properties of water-soluble polymers are determined by the specific
structural characteristics of the solvated polymer chain and the ability of the system to
form multiple-chain complexes. Reversible intrachain and interchain associations are
often exploited through changing solvent conditions to yield important responses in
water-soluble systems. Changes in the ionic strength or pH of an aqueous solution, for
example, can introduce competitive sites or species for hydrogen bonding, dipolar, or
ionic interactions with either the solvent or the hydrophilic functionalities on the polymer
chain.2 Complex associated structures, such as micelles and vesicles, can occur when
regions of hydrophilicity are combined with regions of hydrophobicity, as the drive to
shield nonpolar portions of the molecule from the surrounding water produces association
of the hydrophobic regions.
^
Most natural polymers and polypeptides are water-soluble or water-dispersible,
due to the presence of polar groups and hydrogen-bonding sites along the chain
backbone. For example, in proteins, the presence of pendant groups on the constituting
amino acids of the polypeptide can affect the solubility and determine the secondary and
tertiary structure of the molecule. These pendant groups on amino acids can be
hydrophobic, polar, basic or acidic.4 As a result of the solution properties of proteins in
aqueous systems, they are employed extensively as additives to detergents, cosmetics and
personal care products. ^ However, in order to capitalize on the unique ability of proteins
to form complex structures for materials design in biomedical or other applications, we
must gain a greater understanding of the factors that control structure formation.^ This
2
understanding is also relevant to the development and design of similarly controlled
synthetic systems.
Several types of synthetic water-soluble polymers are currently available .6
Nonionic polymers, like poly(ethylene oxide) and poly(vinyl alcohol), possess polar
functional groups that can impart water solubility if present in sufficient numbers along
the backbone or pendant to the backbone. These systems can be applied as adhesives,
binders, coatings, lubricants, thickeners, and as components of biomedical,
pharmaceutical, cosmetic and personal care products. Charged polymers, or
polyelectrolytes, which possess charges along the backbone or in pendant groups, are
another type of synthetic water-soluble polymers. Electrostatic effects, counterion
binding, solvation, and local dielectric effects determine the phase behavior and solubility
of such systems. Technologies that utilize the unique properties of polyelectrolytes
include superabsorbency, enhanced oil recovery and drag reduction. Another
technologically important class of synthetic water-soluble polymers is hydrophobically
modified polymers that contain nonpolar groups, in addition to the groups that impart
water solubility.^ The nonpolar groups aggregate in polar media and confer properties on
the systems that make them applicable as associative thickeners and coatings, as well as
useful in personal care formulation, controlled release, and phase transfer applications. ^
Silk Fibroin
The importance of silk as a textile has been known for centuries. However, silk
fibroin, which is the main protein constituent of silk fiber, is also an ideal system for the
study of efficient aqueous processing.^ Silk is a highly desirable structural material that
is produced by a benign process with little or no waste. Furthermore, a great deal of
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information is available on the chemical and molecular structure of silk fibroin. The
relative simplicity of the composition of silk proteins have made them favorite systems
for study by biochemists seeking to understand the method of biosynthesis and the
genetic mechanisms involved in conformational transitions.9,10 Molecular biologists
and biochemists have also taken advantage of the simplicity of fibrous structures, such as
those formed by silk fibroin, over globular structures formed by other many other
proteins, to determine the relationship between amino acid composition and
structure. ^ ^'12 xhe result of this interest is that the amino acid composition of silk
protein and the structure of silk fibroin have been well characterized.
The amino acid composition of fibroin is largely made up of glycine, alanine and
serine. Because these amino acids possess small pendant groups rather than bulky
aromatic or heterocyclic groups, close packing of the polypeptide chains in the protein is
possible. The absence of significant amounts of reactive residues, like cystine, which can
result in covalent crosslinking between the chains of other proteins, indicates that
hydrogen bonding plays an important part in the conformation and structure of the
fibroin. The influence of hydrogen bonding on the stability of the fibroin molecule is
evidenced by the denaturation of the protein in known hydrogen-bond competitors like
cupriethylenediamine or lithium salts. 1'^
The portion of the silk molecule that most determines the structure and resultant
properties of silk fibers is based on the following sequence of amino acid residues:
Gly-Ala-Gly-Ala-Gly-[Ser-Gly-(Ala-Gly)n]8-Ser-Gly-Ala-Ala-Gly-Tyr
where n = 2 or has a mean value of 2.15 This segment of the molecule comprises 60%
of the protein. The characteristic X-ray pattern of fibroin originates from this highly
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oriented and crystalline region and indicates a prevalence of antiparallel, pleated P-sheets
in silk fibers (Silk n).16 Most silks have been found to possess this p structure, although
they can also exhibit structures similar to polyglycine II (Silk I), and three-fold helical
structures (Silk 111)17,18^ depending on the conditions of structure formation. As with all
polymers, whether synthetic or natural, the fibers are not 100% crystalline and possess
local regions of disorder. 19 These regions are due in part to the presence of other amino
acid residues in the silk protein molecule. Thirty percent of the molecule consists of tetra
and octapeptides in which the residues glycine, alanine, tyrosine, and valine predominate.
The remaining 10% of the molecule, which consists of the truly amorphous part of the
protein, is made up of amino acid residues with ionic or bulky side groups.
Fiber Spinning
Many natural molecules form fibers and fibrous structures. Keratin, collagen, and
fibrinogen, for example, produce fibrous structures that are formed via a process of self-
assembly that is controlled by very specific interactions between the protein molecules
and their environments. The process of spinning to produce fibers in natural systems is
unique to silks, which have served as the inspiration for the development of spinning
methods for synthetic polymers. With a century of development behind us, we are yet
unable to duplicate the efficiency of the natural silk-spinning process.
The spinning process involves the transformation of a material from the fluid
state, whether in a melt, gel or solution, to a solid fiber. Both the external and internal
structure of the fiber is determined during the entire course of the spinning process, and
each step in the process affects different aspects of the structure.20 The first step in the
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spinning process involves flow of the fluid through a spinneret. At this point, the
regularity and the macroscopic dimensions of the fiber are affected. After extrusion from
the spinneret, the next step involves the elongation of the fluid, also known as drawing.
The silkworm accomplishes this step by attaching the silk filament to a surface and
drawing its head in a figure-eight pattern. Macromolecular orientation, which directly
affects the principal mechanical properties, is developed as a result of drawing. If a
silkworm's range of motion is restricted, or if the spinneret is not allowed to touch a solid
surface for drawing, an oriented fiber of natural silk is not obtained.21
Polvfvinvl alcohol)
Poly(vinyl alcohol) is a very common synthetic water-soluble polymer which is
produced by hydrolysis of the poly(vinyl ester), vinyl acetate. Due to the mode of
synthesis, any consideration of the structure and properties of poly(vinyl alcohol), PVOH,
must begin with consideration of the parent poly(vinyl acetate), PVA, and the method
used to carry out the conversion to PVOH. For example, PVA possesses chiral centers,
and in the absence of racemization during the conversion reaction, the tacticity of the
PVOH is the same as that of the parent PVA polymer.22 Samples of commercially
available PVOH are commonly atactic. The small size of the hydroxy 1 substituent in
PVOH allows for crystallization of the atactic form. In addition to tacticity, other factors
that affect structure formation in PVOH include the degree of branching, the amount of
residual acetate content, and the presence of 1,2-diol (glycol) groups.23
The crystal structure of PVOH is comprised of a monoclinic (pseudo-
orthorhombic) lattice having two—CH2—CHOH—- groups in the unit cell, with unit cell
parameters: a = 7.805 A, ^ = 2.533 A, c = 5.485 A,h = 92.2 (± 0.3)°.24 The X-ray
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diffraction pattern indicates a statistical distribution of the hydroxyl groups in the crystal
lattice. The degree of crystallinity increases with decreasing residual acetate content. In
addition, the necessary temperature for dissolution in water increases with increasing
crystallinity. A sample of PVOH with low residual acetate content, less than 25 mol %,
is highly crystalline and requires heating to at least 80°C for dissolution in water. When
cooled to room temperature, aqueous solutions of PVOH are also prone to aggregation
and eventually will form a gel. PVOH samples with large amounts of residual acetate
content are more easily dissolved in water and less likely to form gelled networks. This
is explained by the disruptive effect of the acetate groups on crystallization of the
remaining sequences of hydroxyl groups. This disruptive effect is greatest with randomly
distributed acetate groups, and less significant when the acetate groups are sequenced in
blocks.25
In addition to residual acetate content, tacticity also influences crystallization and
gelation behavior in PVOH. Isotactic PVOH will not crystallize, and aqueous solutions
of mainly isotactic PVOH are stable for long periods without gelation.
Physical Gel Formation
Physical gelation of a polymer, whether natural or synthetic, involves the
formation of a solvent-swollen three-dimensional network, the connections of which are
the result of noncovalent intermolecular interactions.26 These interactions can take a
variety of forms including dipole-dipole, van der Waals, hydrogen-bonding and
hydrophobic interactions. The presence of noncovalent cross-links complicates the
description of the network properties, because the number and position of the cross-links
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fluctuates with time and temperature. For this reason, many physical gels are reversible,
meaning that the gels can be transformed back into the unaggregated state27
Natural polymer systems that form physical gels include gelatin, agarose, the
carrageenans, and cellulose derivatives. These natural systems form aqueous-based gels.
Synthetic polymers can form physical gels in water and in other solvents, for example
polystyrene in decalin.27 As mentioned earlier, poly(vinyl alcohol) is one example of a
synthetic polymer which forms an aqueous gel.
Objective
These investigations utilize the latest technology available to look at
microstructures in hydrated materials, specifically, cryogenic transmission electron
microscopy. The information obtained by this technique is combined with methods of
characterization more commonly applied to aqueous systems to produce a detailed
picture of structure development in aqueous systems as a result of processing variables.
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CHAPTER 2
CRYOGENIC TRANSMISSION ELECTRON MICROSCOPY OF BULK AQUEOUS
SYSTEMS
Introduction
Transmission electron microscopy is a powerful technique for resolving fine
structural detail at the nanometer length scale and smaller. In addition, developments in
commercially available microscopes have also made routine the detection of elemental
composition and distribution and the advanced quantitative analysis of acquired images.
As the capabilities of the technique advance, the impetus to apply electron microscopy to
an increasingly varied set of systems grows. However, the limitations of traditional
protocols for sample preparation and observation are formidable barriers to broadened
applicability.
For polymer and materials scientists, the most challenging systems for electron
microscopy imaging and analysis are aqueous-based systems. Aqueous systems derive
many of their distinguishing properties from supermolecular assemblies or complex
combinations of phases. ^ Most of the information available about such systems derives
from methods like NMR, X-ray, or neutron scattering—which provide information on
the molecular level—or rheology, optical rotation, light scattering, or DSC—which
provide information about phase transitions, for example, but cannot determine whether
the transition applies for the entire system or is specific to a structural domain.^ The
difficulty in application of electron microscopy to aqueous systems is the result of strict
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requirements for sample preparation imposed by the high vacuum of the microscope
column, which is generally greater than 10"' Pa.3 Traditionally, this requirement has
necessitated the removal of water by dehydration before observation. However, the
structures formed by aqueous systems are quite often determined by the unique properties
of water. Removal of the water, therefore, generally produces irreparable damage to the
nascent structure.
Another option available to address the presence of water is thermal "fixation" of
the water, which is accomplished by quenching the sample.4 The challenge then
becomes achieving the quenched state without disruption of compositional distribution or
structure. Since water forms crystalline ice at temperatures as low as
-130°C great care
must be taken during the process of quenching and during post-quench sample handling.^
Due to the ubiquitous presence of water in living systems, biologists have taken
the lead in developing methods for sample preparation and TEM observation of hydrated
structures.6 However, successful application of techniques such as cryogenic sample
preparation and observation to synthetic and natural polymer systems can be achieved.
Numerous researchers have reported direct cryogenic TEM imaging of complex fluids,
including surfactants and polymer/surfactant mixtures.^' Hermansson and coworkers
have successfully applied cryogenic sample preparation and observation techniques to the
study of food biopolymers, particularly the formation of gel structures in natural
polymers such as K-carrageenan and gelatin.
^
Most of the results reported thus far involve direct cryogenic TEM imaging of
thin films. For bulk aqueous samples, indirect methods of observation are generally
applied. One such method is freeze-fracture replication of bulk samples, which involves
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fracturing the bulk sample at cryogenic temperatures and coating the surface with carbon
and/or platinum to produce a replica of the surface for imaging. 13 Direct cryogenic
observation of structures formed in bulk samples has not been perfected. However,
development of the ability to look at structures formed in processed bulk samples is
important in the effort to correlate processing variables to microstructure formation and
resultant properties.
This chapter describes the methods used to prepare samples from bulk poly(vinyl
alcohol) (PVOH) hydrogels and the parameters used to directly observe microstructure
by cryogenic TEM. Application of these methods has been successful in linking the
parameters of processing protocol for PVOH gels to observed changes in morphology,
thus indicating the potential promise that such observation holds for similar aqueous
systems.
Experimental
Sample Preparation
The first step in sample preparation for cryogenic TEM is the choice of cryogen
and freezing method. Improper quenching of the sample produces cubic and hexagonal
ice crystals, which disrupt the structure and produce compositional changes through
redistribution of solutes. Figure 2.1 is a cryogenic TEM image of pure water with three
different structures of ice present. The desired state of water for observation in the TEM
is the vitreous state, which is a solid amorphous phase of water. To achieve vitrification
of water, the quench rate has to be faster than the critical freezing rate, which is 10^ °C s"'
for pure water.2 Commonly used cryogens include ethane, propane, and freon.4 For
preparation of quenched PVOH hydrogel samples, propane is used as the cryogen, with a
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melting point of
-190°C and a freezing rate of 9.8x10^ «C s ' .6 Although liquid nitrogen
has a lower melting point of -210"C, it is not useful as a cryogen for sample vitrification
due to the relatively slow rate of freezing (1.6x10^ °C s '). Liquid nitrogen does not wet
the sample upon immersion, but rather forms an envelope of gas around the sample due
to the extremely low boiling point of nitrogen (-196°C). The gas then slows heat transfer
from the sample with the result that liquid nitrogen has a much slower freezing rate than
cryogens that are not as cold.
The method of quenching the sample is as important as the choice of cryogen. To
prepare samples of PVOH hydrogel, quenching is accomplished by immersion. Other
options for cryogenic fixation include spray freezing, jet freezing, high-pressure freezing
and metal mirror/slam freezing.^ The more sophisticated methods of quenching such as
high-pressure freezing have reported successful vitrification of water up to 0.5-0.6 nmi
into the sample. 1^ In contrast, manual immersion of the sample into propane is only
sufficient to obtain vitrification of the water in the first 10 (j,m of the sample.^ However,
if collection of sections for observation is restricted to this depth, then simple immersion
is an efficient method of cryogenic preparation.
For cryofixation of PVOH gel samples, small samples approximately Imm^ are
cut from the bulk gel at different locations and mounted on aluminum pins with
cyanoacrylate adhesive. Care is taken to restrict the amount of time spent preparing the
specimens to minimize water loss. The aluminum pins are secured with forceps and
rapidly plunged into a bath of nitrogen-cooled propane. The entry velocity is maximized,
as it has been shown that specimen cooling increases with increasing speed of entry up to
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about 3 m s"'.5 xhe sample is held in the bath for 30 seconds, then immediately
submersed in a holding container filled with liquid nitrogen.
The second step in cryogenic sample preparation involves cryosectioning of the
bulk sample. For this purpose, the aluminum pins with the mounted PVOH gel samples
are transferred into a cryoultramicrotome. The sample and the cryobox environment are
maintained at -190°C, while sections 500 - 700 A thick are cut with a 4 mm diamond
knife maintained at -175°C. The best equipment available for sectioning materials at
cryogenic temperatures allow for fast arm return speeds, very slow cutting speeds, and
small cutting windows to minimize the possibility of heat generation due to cutting. ^ 5
cutting speed of 0.1 mm s ' is used to obtain sections from PVOH hydrogels. The cutting
of the gels is accomplished with a dry knife and sections are collected onto a nickel grid,
which is positioned on the knife holder to ensure the proper temperature. For collection
and manipulation of sections, an eyelash tool is used.
Once sections are collected, the nickel grid is secured with forceps that have been
cooled in liquid nitrogen. The grid is then transferred over liquid nitrogen to a TEM
cryotransfer stage, which allows loading and observation of TEM samples in the electron
microscope at liquid nitrogen temperature.
Observation
Transmission electron microscopy is performed on cryogenic PVOH gel sections
at an electron accelerating voltage of 300 kV. The mechanism of imaging in TEM relies
on the interaction of the electron beam with the sample. These interactions can take the
form of absorption, interference, diffraction, scattering, or any combination of these.
Two important considerations arise from the mechanism of image formation. First, it is
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important to maximize the contrast that develops as a result of interaction with the beam.
For example, preferential heavy metal staining of one phase is often used to enhance
scattering contrast between phases in multiphase systems. 16 Preparation of cryogenic
TEM samples precludes the use of methods such as staining, because the samples can not
be treated post-sectioning. Therefore, other methods of contrast must be utilized.
Mortensen and Talmon have used phase contrast imaging in direct cryogenic TEM
observation of complex fluids.^ Phase contrast imaging, which is achieved by under-
focusing of the objective lens, derives from wave phase differences, such as those caused
by regions of different inner electron potential, which are then converted into visible
amplitude differences.
The second consideration that follows from the mechanism of imaging is the
potential for deleterious effects as a result of interaction with the beam. Ionization of
sample molecules by the high-energy electron beam and local heating of the specimen by
the beam are two examples. ^ 7' Recent efforts have been made to qualify and quantify
the result of radiolysis on vitrified water in hydrated specimens using electron energy loss
spectroscopyJ ^ These efforts have resulted in refinement of the ability to distinguish
between vitreous ice and crystalline ice based on the radiation chemistry that occurs. In
addition, recent measurements of local heating in cryogenic samples have demonstrated a
dependence of sample heating on beam diameter.^O For example, for a 200 kV electron
beam with a diameter of 3.7 |im, the increase in temperature at the center of an
illuminated area is calculated to be on the order of 2/100 K for an exposure of 1 .5
seconds. Utilization of higher electron accelerating voltages, such as 300kV, reduces the
extent of potential radiation damage in the form of both radiolysis and sample heating.
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Poly(vinyl alcohol) in vitreous water provides no sufficient mechanism for
imaging the gel structure. To image the PVOH hydrogels, the interaction of the beam
with the sample is controlled to produce a selective etching that enhances contrast. This
etching process involves subjecting the sample to a timed low-dose exposure that
eventually results in crystallization of the water in the sample. The crystallized and
vitreous water then sublime in the high vacuum of the microscope column, leaving the
structure of the polymer matrix intact for imaging. Because of the nature of the imaging
process, all conditions for observation and recording of images are strictly normalized.
Table 2. 1 lists the conditions that are used to produce representative images.
Results and Discussion
Figure 2.2 shows a bright-field TEM image of a section of PVOH hydrogel
formed by repetitive freezing and thawing of aqueous 19 wt % PVOH solution, where the
number of freeze/thaw cycles, N, is 12. No features are seen due to the lack of inherent
contrast in the PVOH and vitreous water system. After three minutes in the electron
beam, at the conditions listed in Table 2.1, small, monodisperse regions of increased
scattering power appear, as seen in Figure 2.3. These dark regions are caused by
crystallization of the water in the thin section by the energy of the beam. With a longer
residence time in the beam, the dark regions become bright, indicating a disappearance of
the higher scattering component. Figure 2.4 shows the morphology imaged after nine
minutes in the electron beam, with the appearance of holes. If the dark regions at t=3
minutes correspond to crystalline ice, then disappearance of the regions is likely due to
sublimation in the vacuum of the microscope column, which is 10'^ Pa. A cutoff point is
chosen at which the sublimation appears to have reached a saturation point, and beyond
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which changes in the morphology involve obvious degradation of the polymer matrix.
For these samples, a cutoff exposure time of 1 1 minutes is chosen to elucidate the
structure most representative of the gel, and the resultant image is shown in Figure 2.5.
Beyond this time, degradation can be observed as film movement, curling or degradation.
Different PVOH samples result in different morphologies when subjected to
identical imaging conditions. For this reason, the process of contrast development does
not appear to affect the overall structure of the gel as formed. As corroborative evidence
for the observed morphology, carbon/platinum replicas are produced from quenched
samples of PVOH hydrogel, N=12, which have been fractured to produce a fresh surface
from the bulk. TEM images of the replicas, acquired at 200 kV, are shown in Figure 2.6.
As these images show, the overall morphology is similar to that observed by direct
cryogenic observation of the etched gel structure. In particular, the length scale of the
pore structure is similar, with the average pore sizes falling between 20 and 50 nm.
However, the fine structural detail of the directly observed specimens is superior to the
detail provided by the replicas.
Conclusions
We have demonstrated the potential of direct cryogenic observation of bulk
aqueous systems in the TEM by producing images of PVOH hydrogels formed by
freeze/thaw processing. The selective etching process used to produce contrast in these
samples is superior to previously employed methods because the thinness of the sections
(-600 A) allows minimal disruption of the nascent gel structure as the water is removed.
Comparison of the images generated by direct observation of PVOH gel sections with
images of replicas taken from the surface of quenched PVOH gels illustrates the
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improvement in detail afforded by the more direct method of observation. Previously
reported images of PVOH gels do not differ significantly with respect to processing, but
only with respect to sample preparation for microscopy observation.21-24 higher
resolution images produced by these methods also allow greater ability to differentiate
between morphologies that are produced by different processing protocols.
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Table 2.1 Imaging Conditions for Cryogenic TEM Observation of PVOH
Hydrogel Structure
Accelerating voltage 300 kV
Filament type LaB6
Beam current 112- 118 ^lA
Condenser aperture 50 |im
Objective aperture 20 \xm
Beam current at the sample 4.5x10-5 i^A
Cumulative exposure time (avg) 1 1 minutes
Cumulative beam dose 1.0-1.1 cW
Image recording Kodak Def 5 X-ray film,
2 s exposure
20
Figure 2.1 Cryo-TEM image of a thermally quenched sample of pure
water. Three different forms of ice are present, due to incomplete
vitrification. Regions of hexagonal ice crystals are labeled Ih. Cubic ice
shown in the regions marked Ic. Vitreous ice, the amorphous form of
quenched water, is labeled Iv. Note that the ly regions are featureless in
electron imaging. (From Talmon, 1996.)
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Figure 2.2 Cryo-TEM image of a thin section taken from 19 wt % PVOH
hydrogel. Upon first observation (t = 0), there are no discernible features
in the quenched and microtomed PVOH gel sections.
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Figure 2.3 After some residence time in the 300 kV beam, small dark
regions appear in the bright-field cryo-TEM (t = 3 min) image of
cryogenically.prepared PVOH hydrogel. The dark regions result from
crystallization of water.
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Figure 2.4 The dark regions present at t = 3 min become bright after
sufficient time in the beam (t = 9 min), indicating the sublimation of
crystallized water from the polymer matrix.
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Figure 2.5 The representative structure of the PVOH gel is imaged at a
cumulative exposure time (t = 1 Imin) representing the minimal amount of
direct beam damage to the structure.
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Figure 2.6 TEM images of carbon/platinum replicas taken from the
interior fracture surface of a frozen 12-cycle, PVOH hydrogel. Both
pictures depict the negative image of the repUca and the positive image of
the surface.
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CHAPTER 3
NATURAL SILK-SPINNING IN VIVO
Introduction
The exceptional mechanical properties of natural silk fibers and the efficiency of
silk spinning in nature have produced an effort to understand the natural silk process as it
proceeds from the biosynthesis of the silk protein to the spinning of the fiber. However,
many aspects of the process still elude investigators. Natural silk fibers are
semicrystalline, with a high degree of molecular orientation. These natural fibers are
formed through a relatively low pressure, room-temperature process, and although silk is
spun from an aqueous solution, the resulting fiber is water insoluble, due to an
irreversible phase change during the spinning process. A liquid crystalline intermediate
phase of silk in aqueous solution, with a high degree of pre-crystalline molecular
orientation, has long been postulated and could explain the ability of this natural process
to transform a molecule which exists as a random coil in aqueous solution into an
insoluble, highly oriented fiber.
Evidence that has been cited to support the presence of a liquid crystalline
mesophase in the silk gland includes the low viscosity of concentrated fibroin solution,
the low critical shear rates for crystallization of aqueous fibroin, and the low draw ratios
which will produce uniaxially aligned fibrous structures from silk fibroin. 1"^
Experimental observations to test the ability of aqueous silk fibroin to form a mesophase
have relied heavily on polarizing optical microscopy and the presence of optical
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as a
lOUS
birefringence to indicate a liquid crystalline phase. These experiments have included
excising the silk glands from the spider or silkworm and either observing the gland
whole or its contents in a polarizing optical microscope.3,4 Birefringence is not,
however, conclusive evidence of liquid crystallinity since it also occurs in amorphc
polymer solutions, melts and solids when even a small amount of molecular alignment is
induced.^
The most significant optical microscopy evidence of mesophase formation in silk
solutions is that of Viney, et al, who observed Schlieren textures and extinction bands
due to +Vi disclinations in silk secretions extracted from the silk glands of both N.
clavipes and B. mori.^^'^ These studies show that it is possible for silk solutions to form a
mesophase with nematic character. However, it is uncertain whether the nematic phase
observed can be directly related to a liquid crystalline intermediate within the gland
during the spinning process. The results reported were taken from optical microscopy
performed on silk secretions squeezed from dissected glands and confined between a
glass slide and cover slip. It is well known that boundary constraints, such as those
resulting from confinement between glass surfaces, can affect and even induce liquid
crystalline alignment.^ Such surfaces produce anchoring sites that can favor homeotropic
or tangential alignment. Additionally, the nematic textures do not appear until some
water loss by evaporation has taken place. Thus, the conditions under which nematic
behavior is observed with polarizing optical microscopy are not representative of
conditions within the gland during spinning.
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Experimental
We are able to directly observe and image a mesophase of silk fibroin as it exists
within the silk-producing glands of two silk-spinning species, Nephila clavipes (spider)
and Bombyx mori (silkworm). This observation is accomplished by cryogenically
quenching the animals during the spinning process and then analyzing the morphology of
the material within the silk gland using transmission electron microscopy (TEM),
electron diffraction, and atomic force microscopy (AFM).
Live specimens of N. clavipes and B. mori are rapidly submerged in either liquid
nitrogen or liquid propane while in the process of spinning silk. Measurements utilizing
a fine thermocouple inside a representative specimen's body indicate that the quenching
process completely immobilizes the contents of the silk gland in a fraction of a second.
Since silk fibroin is a high molecular weight protein^ (350,000 g/mole) and the
quenching process is very rapid, it is likely that the structure of intermediate stages in silk
spinning is preserved. We cannot exclude the possibility that the quenching process may
perturb the structures of interest, but previous workers have performed similar quenching
experiments on silk solutions in vitro and found no change in the conformation of the
molecule by crystallization studies. 1^
After quenching, the frozen abdomen of the spider, the location of the major
ampullate gland, and the head of the silkworm, the location of the anterior region of the
silk gland, are mounted in a cryoultramicrotome and thin sections, 500 to 1000 A thick
are cut for observation. Figure 3.1 shows a schematic representation of the glands of
each species. Figure 3.2 is an image of a cryogenically frozen silkworm sample that has
been mounted and undergone initial sectioning. The sections are collected on copper
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grids, some of which include an alphabetical and numerical grid system to allow the
location of specific regions of the sample. The microtomed sections are maintained at
cryogenic temperatures throughout the preparation, transfer, and observation processes.
Bright-field TEM images and electron diffraction patterns are collected using both
a JEOL lOOCX TEM (100 kV) and a JEOL 2000FX TEM (200 kV). Typical observation
times in the microscope range from two to four hours. The characteristic morphological
textures and diffraction patterns do not change over this length of time, as the hydrated
samples are freeze-dried under the high vacuum of the microscope. After the sections are
freeze-dried within the microscope chamber, room temperature observation of the
microstructure using a Topometrix 201OX AFM is also possible. The finder grids on
which some samples are collected allow the observation of identical regions in both the
TEM and the AFM using the coordinate system on the grids.
Results and Discussion
For both silk-spinning species, the silk protein is synthesized by epithelial cells in
the lining of the tail or secretory portion of the gland, and then stored in a 20-30 wt %
aqueous solution in the ampulla (A^. clavipes) or reservoir {B. mori) portion of the
gland. 1 1 When the silk spinning process begins, the silk solution proceeds into the duct
and, finally, through the spinneret as a molecularly aligned semi-crystalline fiber. Early
investigators believed that the formation of the fiber took place in the spinneret ^ 2" 1'^, but
research that is more recent has indicated that the fiber may be formed earlier, in the last
portion of the duct.^^ For these investigations, frozen sections are taken from the duct
region. This region of the gland in both species is the location where potential alignment
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of the fibroin molecules is believed to occur, in response to increasing concentration and
shear. 16
Nephila clavipes
Figure 3.3 shows a pair ofTEM images of cross sections taken from the duct
region of the silk gland of A^. clavipes. A banded texture is evident, suggesting the
presence of a cholesteric mesophase of the silk fibroin within the gland. Cholesteric
liquid crystalline compounds exhibit banding in electron microscopy due to mass-
thickness variations of the sample produced during the sectioning process. As shown in
Figure 3.4, when microtoming of a solid phase cholesteric occurs at an angle to the
helical axis, a sinusoidal surface topography is produced due to the preferential crack
propagation along the spatially varying director field. 17, 18 xhe thin sections produced
are bounded by two of these sinusoidal fracture surfaces, and the phase relationship
between the top and bottom periodic surface topographies results in thickness variations
which are maximized when the two surfaces are 180'' out of phase, as shown in Figure
3.5. When such a sample is viewed in the TEM perpendicular to the helical axis of twist,
banded bright-field image contrast arises from thicker regions of enhanced electron
scattering power that appear dark, juxtaposed with thinner regions which appear
lighter. 19
Figure 3.6 depicts the banded texture at slightly higher magnifications. A
phenomenon that occurs due to the periodic nature of the fracture surface is an
interference effect, which can be seen in the lower right comer of Figure 3.6(A). The
banding is present, then decreases in spacing and disappears in the micrograph,
reappearing shortly thereafter. This indicates an area where the fracture path on the top
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surface of the microtomed section goes out of phase with the fracture path on the bottom
surface of the section, with the consequence that no thickness variation is present. Such a
phase difference in the fracture path can be caused by nonuniformity of the cholesteric,
most likely in the form of a disclination, in the bulk from which the section is taken. 19
The exact nature of the periodically varying fracture surface of the bulk
cholesteric is more clearly elucidated by AFM. Figure 3.7 shows AFM topography
images of a N. clavipes section taken from the duct of the silk gland. A line-trace
analysis of the surface topography, shown in Figure 3.8, shows that the fracture surface
of the microtomed sample varies sinusoidally. The sinusoidal fracture surface observed
for the A^. clavipes sections has an average periodicity of 270 nm and an average peak to
valley height of 13 nm. The periodicity of the cholesteric fracture surface corresponds to
V2 the pitch of the helical axis of the cholesteric phase. 19
The observation of characteristic defect textures, as shown in Figure 3.9, supports
the analysis that the banding observed in the TEM images is the result of a cholesteric
liquid crystalline phase. Disclination lines, such as A, lines and X+X- pairs, produce the
characteristic fingerprint textures observed in bulk cholesteric liquid crystalline
materials.20 The curved response of the banded texture seen in the upper portion of the
image is indicative of the response of a cholesteric liquid crystal to discontinuities in the
bulk that disclination lines cause. It is especially important to note that the observation of
these defects precludes the possibility that the banding seen with the TEM is the result of
microtoming chatter or other artifacts.^1
The appearance of holes on the order of 100 nanometers in Figures 3.6 and 3.9 are
left by ice crystals which are formed during quenching in liquid nitrogen and which
34
subsequently sublime away during observation under high vacuum.22 The disruption of
the structure caused by these small holes is minimal, and they can be eliminated
altogether (as in Figure 3.3) by quenching in liquid propane, a more efficient cryogen.
Bombyx mori
The evidence presented in the previous section indicates the existence of a
cholesteric liquid crystalline phase in microtomed sections ofM davipes. However,
there are a number of different silk glands in the tail of the spider, which produce
different types of silk.23 Some of these silks have very different chemical structures,
morphologies and properties 9 The most studied of the spider silks, and the type of
particular interest to this study, is the structural silk produced in the major ampullate
' gland—also known as dragline silk. In the microtoming oiN. davipes specimens, efforts
are made to distinguish the dragline-producing major ampullate gland and to collect
sections specifically from this region.
Bombyx mori silkworms, however, produce only one type of silk in one type of
gland. The silk worm is a larval insect, while the spider is an arachnid, and their silk
proteins are chemically different.24 However, dragline silk from the spider and cocoon
silk from the silkworm are similar in structure, and the gross morphology of the silk
glands which produce these types of silk are also similar. ^ ^ The optical microscopy
work by Viney, et al., on liquid crystalline phases of silk discussed earlier includes
investigation of silk secretions from both N. davipes and B. mori, and the results are
similar for both species. Both species exhibit the formation of nematic textures in
secretions taken from the silk glands. Concurrent study of sections taken from B. mori
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helps to eliminate possible ambiguity regarding the nature and glandular source of the
material being examined.
Figures 3.10 and 3. 1 1 are bright-field TEM images taken of microtomed sections
from the duct region of the B. mori silk gland. A banded texture similar to that observed
for the spider, with an average repeat distance of 600 nm, is observed. The larger spacing
of the banded texture in B. mori suggests a larger helical pitch to the mesophase. Figure
3.12 shows a comparison of the band spacings for N. davipes and B. mori.
Also evident in the TEM images of Figures 3.10 and 3. 1 1 are tears in the sections
along the banding. These tears are the result of microtoming at an oblique angle to the
helical director of the cholesteric. The geometry of a twisted layer structure like the bulk
cholesteric is shown schematically in Figure 3.13. Such geometry is sometimes called a
twisted plywood model 17, and as Figure 3.13(A) shows, perpendicular observation of the
structure shows a periodic layered structure produced by the rotation of the director.
Observation of the structure at an oblique angle, as in Figure 3.13(B), produces the
appearance of layers with a larger spacing, comprised of a series of nested arcs. These
arcs are produced by the rotation of the director field. Similarly, the microtoming of such
a structure at angles other than 90" to the rotating director can result in cuspy tears in the
sections along these nested arcs. The origin of the cuspy tears in the microtomed sections
results from weakness of the material along the director.
Quantitative structural information about the mesophase observed is provided by
electron diffraction from microtomed sections taken from B. mori. Correlation between
the electron diffraction patterns and the morphological features observed with TEM
imaging is accomplished by pairing diffraction patterns with images taken using the
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defocused central spot of the electron diffraction pattern. Such an image is oriented with
respect to the diffraction pattern in our microscope and consists only of the region of
sample contributing to the diffraction pattern. Due to the extreme beam sensitivity of the
silk phases, low-dose electron diffraction techniques are employed, and diffraction
patterns, as well as defocused images, are recorded on ultra sensitive X-ray film (Kodak
DEF-5). Figures 3.14 and 3.15 show two electron diffraction patterns and their
corresponding defocused images. The banded texture is evident in the defocused images.
The diffraction patterns show three main reflections: (i) spots on the inner ring that are
perpendicular to the banded texture in the defocus image; (ii) a set of arcs inside the inner
ring with a second order set twice the distance out, both of which are parallel to the
banded texture; and (iii) a set of arcs just outside the inner ring, also parallel to the
banding.
Analysis of the diffraction information is commensurate with the picture of the
silk existing as a cholesteric liquid crystal. Figure 3.16 shows a schematic of the
diffraction experiment geometry and the corresponding reciprocal lattice. When the
electron beam enters the sample perpendicular to the helical axis of the cholesteric, it is
then parallel to the planes that contain the molecular directors. The average spacing of
the mesogenic units along the helical axis direction produces two distinct reflections
along this axis. The rings in the hkO plane correspond to spacings within each layer of
the cholesteric, such as the interchain spacing between the molecules, or rods, and the
monomer unit repeats along the chains. Because of the twisting of the director, these
reflections sweep out rings in reciprocal space. Therefore, in an electron diffraction
experiment in which the beam is impinging the sample perpendicular to the twist axis of
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the cholesteric as shown in Figure 3.16A, the intersection of the reciprocal lattice with the
Ewald sphere produces a diffraction pattern with spots and arcs like that in Figure 3.14.
Tilting of the sample away from this orientation, as in Figure 3.16B, reduces the intensity
of the spots (i) and increases the intensity of the arcs, (ii) and (iii). The diffraction pattern
in Figure 3.15 clearly shows this effect. The corresponding defocused image. Figure
3.15B*, has a distinctly different appearance from the image, Figure 3.14A*,
corresponding to the pattern with spots (i). This difference in appearance is a direct result
of different sample tilt with respect to the electron beam. As described earlier, the
twisted plywood model shown schematically in Figure 3.13 allows one to interpret the
effect that tilting a structure with cholesteric symmetry either with respect to the plane of
sectioning or with respect to the electron beam has on the resultant image observed by
electron microscopy.25 When the twisted plywood model is viewed at an angle, a series
of nested arcs, comprising a periodic banding with a larger repeat distance, is observed.
A comparison of Figures 3.13B and 3.15B* shows this effect schematically and
experimentally. Comparison of the diffraction patterns and defocused images to the
model of reciprocal space and the twisted plywood model provides a self-consistent
explanation for the features observed as a result of changes in the relative orientation of
the cholesteric silk structure and the electron beam.
Conclusions
Our observations show evidence of a cholesteric liquid crystalline phase of silk
fibroin in solution. There is precedence for the formation of cholesteric liquid crystalline
phases in biological materials such as DNA, synthetic polypeptides, and collagen.26-29
However, unlike these molecules, the primary protein structure of silk fibroin has no
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inherent rigidity, and the mechanism by which silk molecules might form liquid
crystalline phases has not been sufficiently elucidated. Rod-like aggregates of coiled
protein chains have been postulated to explain the observation of nematic textures in silk
solutions.30 This explanation is incommensurate with our observation of electron
diffraction from silk liquid crystal structures. Unless the silk protein chains take very
specific conformations in solution, their aggregates can not be handed and thus would not
form the cholesteric twist that we observe. Furthermore, a liquid crystalline phase of rod-
like aggregates of random coils does not achieve orientation on the molecular or
segmental level. The presence of such orientation is one of the main reasons to postulate
a liquid crystalline silk spinning intermediate.
Other candidates for silk liquid crystalline phases are anisotropic secondary or
tertiary structures. Due to hydrogen bonding and conformational preferences, the silk
protein may form secondary structures (helices or p-sheets) which have enough shape
anisotropy and rigidity to form liquid crystalline phases. These secondary structures are
handed objects that are thus likely to favor cholesteric order. The final silk fibroin
structure in spun silk fiber is a p-sheet crystal, silk II. The spacings for the diffraction
observed with the banded cholesteric textures are very similar to those reported for the
silk II structure, but only 100 and hkO reflections are observed, suggesting a lack of
crystallographic registry between twisting layers (values and index conventions after
Marsh, et. al.^l and Lotz^^) Therefore, the molecules forming the cholesteric phase
may be in the extended chain conformation and very close to assuming their final p-sheet
crystalline alignment. The transition from a cholesteric structure in the duct to a fully
crystalline structure in the spinneret is relatively straight forward to postulate as the
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mesogenic units orient in the flow direction (i.e., the cholesteric is untwisted to a nematic
by flow) and, then, pack into the silk II crystal structure.
The observation of this cholesteric phase of silk is counter to some previous
expectations. The postulated liquid crystalline phase of silk has previously been assumed
to be nematic, based on the observation of rheological properties such as decreasing
viscosity with increasing shear rate along the length of the gland. As a general rule, such
properties are not found in cholesterics. However, a material that forms a cholesteric at
equilibrium may be untwisted to a nematic in a flow field.8,33 if the time scale at which
the flow process untwists the cholesteric (reciprocal of the shear rate) is slower than the
molecular relaxation time scale, then the cholesteric twist can continuously reform at a
faster rate than it is destroyed. In the silk gland of B. mori, the shear rate increases along
the duct from 2 sec ' to 400 sec"'.34 Our sections are taken perpendicular to the flow
direction; therefore, the banded texture and diffraction indicate that the helical axis of the
cholesteric is perpendicular to the flow direction. If this structure is untwisted by a flow
field, the molecules are then aligned with the flow direction. This orientation is
consistent with the alignment of chains along the fiber axis in the spun silk fibers. Also,
the repeat distance of our banding, which is equal to Vz the pitch of the helical axis 19,
indicates that the twist of this cholesteric phase is weak. The cholesteric may be able to
exist in the upper portion of the duct, with a transition to a nematic phase occurring in the
flow field of the lower duct. We may thus be able to rationalize our observation of a
cholesteric structure with previous observations of a nematic in silk solution extracted
from the gland and placed between glass surfaces. The cholesteric twist is very
delicate and may be destroyed by external effects such as flow or surface constraints.
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TEM observation does not provide a contrast mechanism by which we can observe the
nematic for cryogenically prepared samples.
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Figure 3.1 Schematic representations of the silk glands studied: (A) the
silk gland ofBombyx mori', (B) the major ampullate gland of Nephila
clavipes. Cryomicrotomed samples of the glands were taken from the duct
regions of both species.
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Figure 3.2 Image of a cryogenic silkworm (B. mori) sample illustrating the
mounting and sectioning of the quenched animals. The duct of the
silkworm is located at the top of the head (shown), whereas the duct of the
spider (N. clavipes) is located at the tip of the abdomen.
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Figure 3.3 TEM micrographs taken of the duct region of the spider (N.
clavipes) major ampullate gland, showing a distinctive banded texture,
with an average repeat distance of 200nm.
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Figure 3.4 Microtomy of a solid phase cholesteric produces mass-
thickness variation in the resultant sections due to preferential crack
propagation along the spatially varying director field.
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Figure 3.5 Bright-field TEM images exhibiting the banded texture in
sections taken from the spider silk gland. Note the disappearance and
reappearance of the banded texture in the lower right comer of (A). This
change in the appearance is caused by the sinusoidal nature of the fracture
surface and the phase relationship between the top and bottom surfaces of
the cryomicrotomed section.
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Figure 3.6 The sinusoidal fracture surface produced by niicrotoming of a
solid-phase cholesteric provides mass-thickness contrast in the TEM when
the two surfaces of a thin section are out of phase (A). Surfaces which are
in phase (B) provide no contrast.
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Figure 3.7 Atomic force microscopy (AFM) scans, taken on sections from
the silk gland of N. clavipes, demonstrate that the banding observed in the
TEM is due to the fracture surface of the sections.
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Figure 3.8 Data from a 3|im x 3 jim AFM surface scan of the silk gland
section from N. clavipes. The results of a line trace show that the
sinusoidal fracture surface has an average periodicity of 270 nm and an
average peak to valley height of 13 nm. This periodicity agrees well with
that found for the banding of the spider sample in the TEM.
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Figure 3.9 A bright-field TEM image of a section taken from the silk
gland duct of N. clavipes. The presence of X disclination lines, illustrated
schematically in the lower left comer, are characteristic of bulk cholesteric
materials.
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Figure 3. 10 TEM micrograph taken of the duct region of the silkworm (B.
mori) silk gland. The banded texture is similar to that shown in the spider
samples, with a larger average repeat distance of 500nm.
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Figure 3.1 1 TEM images of sections taken from the silk gland duct in the
silkworm, showing the banded texture indicative of a cholesteric
arrangement of the molecules.
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Figure 3.12 A model of a solid-phase cholesteric as a "twisted plywood".
Transverse (A) and oblique (B) sections are shown to illustrate the
configuration of the molecules.
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Figure 3.13 A direct comparison of a section taken from A^. clavipes (A)
with a section from B. mori (B) illustrates the increased size of the banded
texture.
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Figure 3.14 An electron diffraction pattern (A) and the corresponding
defocused image (A*) of a section taken from the silkworm silk gland.
The dominant reflections are the two spots (i) corresponding to a d-
spacing of 4.70A.
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iFigure 3.15 An electron diffraction pattern (B) and the corresponding
defocused image (B*) of a section taken from the silkworm silk gland.
The dominant reflections are the arcs that correspond to d-spacings of (ii)
5.2OA (first order) and 2.60A (second order) and (iii) 3.45A.
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Figure 3.16 Model representing the geometry for electron diffraction of a
cholesteric phase (helically rotating molecular director, n): (A) electron
beam perpendicular to the axis of twist; (B) electron beam
nonperpendicular to the helical axis. The tilt angle affects the intersection
of the Ewald sphere and the reciprocal lattice and, consequently, the
reflections that are seen in the experiment.
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CHAPTER 4
REGENERATED SILK SOLUTION BEHAVIOR
Introduction
Natural silk fibers are semicrystalline, with a high degree of molecular
orientation. The percent crystallinity in spun silk fiber is approximately 62 - 66 % in
Bombyx mod (silkworm) cocoon silk^ and 30 % in Nephila clavipes (spider) dragline
silk2, with the primary crystalline component in the form of antiparallel p-sheets .3 The
exceptional properties of the resulting fibers are dependent on the process by which the
structure forms. The process is a relatively low pressure, room temperature process, and
although silk is spun from an aqueous solution, the resulting fiber is water insoluble. The
intermediate phases and transitions involved in this molecular transformation are not
fully understood.
The natural silk spinning process in Bombyx mori silkworms takes place in three
portions of the gland, representing three parts of the process. In the posterior portion of
the gland, protein synthesis occurs to produce silk fibroin. The silk molecule in this
portion of the gland is believed to exist primarily in the random coil conformation.'^'^
The calculated shear rate at this point in the gland, based on geometry, is 0.1- 0.8 s"' and
the protein concentration is 12 - 15 wt % in aqueous solution.
^
In the middle portion of the gland, sericin—a protein coating on the fiber, added
to facilitate the latter stages of the process—is synthesized. The effective gland diameter
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becomes 1
.2 - 2.5 mm and the calculated shear rate becomes 0.003 - 0.03 s"'. The
protein concentration increases to 30 wt % with accompanying water loss.6
In order to obtain crystallization into a p-sheet with a high degree of molecular
orientation, the protein must assume a more extended-chain conformation in the latter
stages of the process. The variables available to affect such a transformation include
mechanical forces and silk gland chemistry. In the anterior portion of the gland, the
diameter becomes 0.05 - 0.3 mm, and the shear rate increases from 2 - 400 s '.6 Also in
this region of the gland, there is ion exchange and a decrease in pH.7 and Ca^^ are the
two primary cations measured in liquid silk as it traverses the silk gland of Bombyx mori.
The concentration of K"^ ions remains constant, while the concentration of Ca^"^ ions
increases dramatically over the course of the process. In the anterior portion of the
gland—the location where postulated mesophase formation occurs—the concentration of
Ca^"*" ions is 0.597 % for a silk concentration of 30 wt %. In addition, the pH of the silk in
the anterior region of the gland decreases to 4.9.
Attempts to isolate the variables involved in structure formation during the silk
spinning process originate with investigations into the solution behavior of silk fibroin by
lizuka.^ Rheological experiments by lizuka on both regenerated silk fibroin (silk that has
been washed and redissolved from the cocoon using chaotropic salt solutions) and native
silk fibroin solutions (taken directly from the mature silkworm gland) yielded evidence of
flow-induced crystallization to the extended-chain p form at critical shear rates which are
dependent on concentration. lizuka calculated that the critical shear rates of regenerated
silk solutions and native silk solutions are lower than 10"* s"' and 10^ s"', respectively, in a
concentration range of 15 to 30 wt %, corresponding to that of aqueous silk in the silk
61
gland. Given the calculated shear rates of lO'^ to 10^ s ' achievable in the silk gland
(based on geometry and spinning rate), the shear forces experienced by the silk solution
in the gland during spinning should be sufficient to produce the necessary conformational
change in silk fibroin.
However, steady state flow birefringence data taken by lizuka show very poor
orientation of the silk fibroin molecules at a shear rate of 10" s"'. This evidence, along
with the low viscosity of concentrated fibroin solution and the calculated low draw ratios
necessary for production of fibrous structures from native silk fibroin, led lizuka and later
researchers to postulate the existence of structure within the gland, specifically a liquid
crystalline mesophase.4,8-10 Observations of liquid crystalline behavior in natural silk
secretions using optical microscopy support the idea that such a mesophase can exist in
the aqueous silk. Viney, et al., observe Schlieren textures and extinction bands due to +V2
disclinations in silk secretions extracted from the silk glands of both A^. clavipes and B.
mori, suggesting the presence of a nematic liquid crystal in silk secretions. 1 1 '12
However, these optical experiments include significant loss of water and confinement of
the secretions between a glass slide and coverslip, raising the possibility of induced
orientation. As described in Chapter 3, we have directly observed cholesteric liquid
crystalline phases in vivo by quenching and sectioning live silk spinning animals,
including A^. clavipes and B. mori, thereby showing the existence of an intermediate
mesophase with twisted nematic character.
Controversy exists, however, on the exact mechanism by which the silk fibroin, a
random coil molecule in aqueous solution with no nematogenic character, forms a liquid
crystalline phase.
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Experimental
In this work, we take a comprehensive look at silk fibroin in solution under
various solvent and flow conditions to examine the response of the protein to each
variable available to induce structure formation. Solution studies on regenerated Bombyx
mod silk in aqueous solution are performed using the technique of phase-modulated flow
birefringence.
Regenerated solutions of silk are prepared from silk obtained by washing and
degumming the cocoons of Bombyx mori silkworms. The process of degumming
involves boiling in an aqueous solution of NaCO^ ( 1% by weight of the cocoons for 2
hours) to remove the sericin binding protein that is applied to the fiber during spinning.
After rinsing in de-ionized water, the silk is soaked in MeOH for 30 minutes to extract
the wax coating from the fiber. The washed silk is then dissolved in aqueous 9M LiBr.
The time and temperature required for dissolving the silk in aqueous LiBr solution
varies, depending on the silk concentration desired. In order to obtain high silk
concentrations, such as the 15 and 10 wt % stock solutions used in these investigations, it
is necessary to heat the solutions to ~80"C. Dilute solutions (5 wt %) heated to this high
temperature have been compared using flow birefringence to dilute solutions prepared at
temperatures ~40"C, and the anisotropy has been comparable. Therefore, the higher
temperatures of dissolution does not produce complete degradation of the protein and
affects only the molecular weight dispersity of the silk fibroin, which under normal
physiological conditions would be monodisperse.
For rheo-optical investigation concentrated stock solutions of 15 and 10 wt % silk
in 9M LiBr are made from degummed and dried cocoons. Solutions are filtered by
vacuum filtration using layered glass filters. The clean solutions are either used as is,
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diluted with 9M LiBr to obtain different concentrations of silk or dialyzed to remove
some or all of the LiBr salt. Dialysis is performed using regenerated cellulose membrane
tubing with a molecular weight cut-off of 12,000 to 14,000 g/mol. To produce solutions
of varying salt concentration, the stock solution of silk in 9M LiBr is dialyzed into a
buffer of aqueous LiBr of the desired concentration. The buffer is changed several times
to ensure the desired concentration of salt is achieved. To investigate the effect of cation
identity, silk solution in LiBr is dialyzed against pure water to remove the LiBr. The
resulting silk solution in water is then dialyzed into a buffer of CaCl2. To study the effect
of pH on flow birefringence behavior, potassium acetate and glacial acetic acid are added
in various amounts to dialyzed silk solutions in aqueous 3M LiBr.
Table 4.1 summarizes the pertinent physicochemical properties of all solutions for
which results are reported.
Optical Rheometry
The optical train used in these investigations (Figure 4.1) utilizes a polarization
modulation technique to measure the time-dependent response of birefringence and
dichroism during shear and after cessation of shear. ^ ^ The light source is a He—Ne laser
of wavelength 632.8 nm. The polarization state generator (PSG) consists of a polarizer
oriented at 0° followed by a half-wave plate rotating at a frequency co = 400 Hz. After
passing through the sample, a beam splitter divides the beam in two. For birefringence
measurement, one beam is passed through a polarization state analyzer (PSA) consisting
of a left-hand circular polarizer to detector, Dl. For dichroism measurement, the other
beam is fed directly to the detector, D2.
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In the limit of very small birefringence and dichroism retardance, the analysis of
Johnson, et alM, can extract information from the intensity at the detectors which allows
calculation of the retardance and orientation angle of the principal birefringence axis (5'
and X'), as well as the extinction and orientation angle of the principal dichroism axis (5"
and X").
An aluminum couette flow cell with a gap of 2 mm and outer rotating cylinder is
used to generate the flow field for these experiments. As part of the optical train, the
laser light propagates through two stationary flat quartz windows, along the vorticity axis
in the gap between the two cylinders. An internal diameter for the outer cylinder of 15.9
mm is sufficiently large to ensure a good approximation to homogeneous shear flow.
The sample height for this flow cell (path length of the laser beam through the sample, d)
is 19.1 mm. Shear rates from 1 to 200 s"' are used in these studies. The data are
averaged over up to 20 identical runs to reduce experimental noise, although, typically,
averaging over 10 runs is sufficient. All experiments are conducted at room temperature
(~21"C).
Results and Discussion
The time-dependent birefringence behavior for a 15 wt % silk solution in 9M
LiBr is shown in Figure 4.2. The behavior of each solution studied is qualitatively
similar, with the size of the steady state birefringence being a function of shear rate and
concentration. With all the solutions, the birefringence rapidly reaches steady state upon
start-up of shear and drops immediately to zero after shear cessation. Since no start-up
transients or relaxations are detectable and the fastest sampling rate is 65 ms, the longest
relaxation time, Xr, is less than 65 ms. Figure 4.3 shows the variation in the steady state
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birefringence with shear rate for silk solutions in 9M LiBr^a^) of concentration 7.5, 10,
12.5, and 15 wt %. As expected, the birefringence anisotropy increases with
concentration.
The response of the orientation angle for the solutions in 9M LiBr(aq) follows the
behavior of the birefringence anisotropy. As soon as flow begins, the orientation angle
reaches the steady state value. The chains assume a random orientation upon flow
cessation, indicating full relaxation. Figure 4.4 shows the steady state birefringence
orientation angle, as a function of shear rate. As with more typical polymer solutions, the
orientation angle,
x', approaches 45° as the shear rate approaches zero, indicating
Newtonian behavior. 15 There is a greater error in the steady state orientation angle at
lower shear rates and lower concentrations due to the smaller signal size and
corresponding signal to noise ratio. For the 7.5 wt % solution, the presence of small
bubbles also has a detrimental effect on the signal to noise ratio.
When the stress-optical rule holds, the shear stress, Cxy, and the first normal stress
difference, Ni, are related to the birefringence anisotropy by the following equations:
rixx An'
. ^ .
crxv =—
= sm2y (1)
C 2C
An'
N\ = (Txx- <Jyy = COS 2^' (2)
where C is the stress-optical coefficient. 1 ^ Since the relaxation time constant is small
and no dichroism or scattering is detected for the solutions in aqueous 9M LiBr, the
stress-optical rule is assumed to apply. Equation 1 can then be used to relate the rheo-
optical data to the shear stress. The steady state shear component, Uxy, for these solutions
shows a behavior similar to that of the birefringence anisotropy. The steady state value
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of nxy exhibits a linear dependence on shear rate at ;>< 50 s\ as shown in Figure 4.5,
then saturates at higher shear rates. Given that the orientation angle over this range of
shear rates does not remain at 45°, as would be the case with a Newtonian fluid, the trend
in nxy suggests Maxwellian behavior at low shear rates. 17
The steady state values of nxy also show c^^ concentration dependence, as
illustrated in Figure 4.6. This concentration dependence gives information about the
flexibility of the silk molecule in aqueous 9M LiBr. The observed concentration
dependence for the silk solutions is very similar to the fourth power dependence, c'*^,
observed with poly(n-hexyl isocyanate) with L/a «1.8, where L is the contour length and
a is the persistence length. 18 For this ratio of contour length to persistence length,
poly(n-hexyl isocyanate) is a wormlike polymer. 19 The implication of the observed
concentration scaling for silk molecules is that the fibroin assumes a wormlike
conformation in aqueous 9M LiBr. Dichroism is not observed for any of the 9M LiBr(aq)
silk solutions, and therefore, there is no evidence of structure formation due to shear on
the length scale of the probing light. This is likely the result of charge screening and the
inhibition of electrostatic association for the silk molecules in concentrated LiBr solution.
The effect on birefringence of reducing salt concentration through dialysis for a
15 wt % solution of silk in aqueous LiBr is shown in Figure 4.7. As the salt
concentration is reduced from 9M LiBr to 5M, 3M, and IM, the steady state
birefringence anisotropy decreases, although the trend of increasing anisotropy with shear
rate is maintained as in the 9M solutions. The steady state orientation angle data is given
in Figure 4.8. Reduction of salt in the solution reduces charge screening between the
molecules, with the result that associations of molecules form, hi fact, for the 15 wt %
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solution in IM LiBr, the formation of insoluble clots in the solution indicates instability
of the molecule in the lower salt concentration. Figure 4.9 shows the steady state
dichroism values for the 15 wt % solutions. At a shear rate of 70 s ', scattering from the
IM LiBr solution becomes significant as the result of formation of visible precipitates by
flow-induced crystallization. The shear rate at which crystallization occurs agrees well
with Dzuka, who found that for dialyzed solutions of 7.3 g/lOOml (6.8 wt %) the critical
shear rate for flow-induced crystallization is approximately 60 s"'.8 No increase in the
birefringence anisotropy is detected for the IM LiBr solution over the solutions of higher
salt concentration. In fact, the opposite effect of signal deterioration occurs, and for this
reason, no data is reported for shear rates greater than 160 s"'. In addition, overall values
of the steady state birefringence anisotropy are lower for each silk concentration than
those found in the 9M LiBr solutions.
In order to isolate the effect of the salt concentration on regenerated solutions that
are stable, it is necessary to reduce the concentration of silk to 10 wt %. Figure 4.10
shows a plot of the steady state birefringence versus shear rate for solutions of 10 wt %
silk in 5M, 3M and IM aqueous LiBr. The steady state orientation angle data is
presented in Figure 4. 1 1. The overall flow behavior is qualitatively similar to the
solutions in 9M LiBr, with no start-up transients or relaxations evident. These solutions
are also stable, unlike the 15 wt % solutions, and do not undergo flow-induced
crystallization. No dichroism is detected.
The steady state anisotropy for 10 wt % silk in 5M LiBr(aq) is similar to the steady
state anisotropy of 10 wt % in 9M LiBr(aq) shown earlier. However, for the 10 wt % silk
solutions, the effect of further reducing salt is an increase in the birefringence with
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decreasing salt concentration. This effect is particularly pronounced for the IM LiBr
solution. Thus, the alignment with flow is increasing with decreasing salt concentration.
Since the effect of decreasing salt concentration is a reduction in charge screening, this
suggests that structures are forming in solution which are stable, but they are not large or
anisotropic, and therefore do not scatter.
In addition to the fact that salt concentrations are very low in the gland of the
silkworm, the predominant salt, CaCli, does not possess a monovalent cation, like
lithium, but a divalent cation. The effect of cation identity on the rheo-optical response is
shown in Figure 4. 12. The steady state birefringence is lower for a solution of 10 wt %
silk in 3M CaCl2 than that of a 10 wt % silk solution in 3M LiBr. However, very little
data can be collected from the CaCb solution, due to foaming of the solution in the
couette flow cell. Foaming produces tiny bubbles that disrupt the signal. After the
solution defoams, there are no precipitates present, suggesting that the observed
phenomenon is related entirely to an enhanced surfactancy in the silk molecule.
In the silkworm silk glands, the pH of the gland changes over its length to a pH of
4.9 in the final portions of the gland.^ The pH of silk solutions in LiBr(aq) is between 7.5
and 7.9. The effect of changing pH on the steady state birefringence for both 15 wt %
and 10 wt % silk solutions in 3M LiBr(aq) is seen in Figure 4.13. For all solutions, a
decrease in pH results in an increase in the birefringence.
Conclusions
The rheo-optical investigation of silk in aqueous 9M LiBr shows a concentration
dependence for the birefringence of An' ~ c^^, and the same concentration dependence is
found for the stress response, axy -c"*^. This suggests a stiff, wormlike conformation for
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the silk molecules in salt solution. Semiflexibility may explain the ability of the
molecule to form a liquid crystalline mesophase. However, the association of ions with
the individual chains in concentrated solutions of 9M LiBr likely contributes significantly
to the preferred chain conformation. Concentrations of salt and silk which are more
similar to the makeup of the silk gland are not accessible with solutions produced from
the resolubilization of cocoons due to the instability of the resulting aqueous solutions.
However, allowable decreases in salt concentration do show behavior suggestive of
possible mechanisms for structure formation.
The steady-state birefringence anisotropy for a solution of 10 wt % silk in
aqueous lithium bromide increases with decreasing salt concentration. Similarly, a 10 wt
% and a 15 wt % solution of silk in aqueous 3M LiBr both exhibit increased flow
birefringence with decreasing pH. Therefore, decreases in salt concentration and pH tend
to increase the degree of alignment in response to shear stress. Extrapolation of this
behavior to the concentrations of silk and salt in the gland suggests that at high
concentrations of silk and low concentrations of salt, the reduced screening of potential
interactions between aligned molecules may result in associations that eventually form a
mesophase.
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Table 4.1 Physicochemical Properties of Solutions Studied by Optical
Rheometry
Wt. % Silk
Salt
Concentration
Refractive Index,
no pH (± 0.05)
15 9 M LiBr 1.454 7.71
IOC12.
J
9 M LiBr 1.426 7.63
1 c\lU 9 M LiBr 1.433 7.42
/.D 9 M LiBr 1.441 7.88
1 c
1
J
5 M LiBr 1.389 7.24
15 3 M LiBr 1.381 7.46
15 1 M LiBr 1.367 7.62
10 5 M LiBr 1.396 7.39
10 3 M LiBr 1.375 7.37
10 1 M LiBr 1.354 7.69
10 3 M CaCl2 1.405 7.58
15 3 M LiBr 1.374 7.82
15 3 M LiBr 1.373 3.63*
10 3 M LiBr 1.375 7.37
10 3 M LiBr 1.374 3.10*
0.3 9 M LiBr 1.426 7.81
0.1 9 M LiBr 1.425 7.74
0.1 5 M LiBr 1.394 7.79
*pH adjusted by addition of potassium acetate and glacial acetic acid.
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Figure 4. 1 The optical rheometry experimental setup.
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Figure 4.2 Time dependent response of the birefringence for 15 wt % silk
in aqueous 9M LiBr for a variety of shear rates.
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Figure 4.5 Linear dependence of nxy versus shear rate, y, for lower shear
rates. This linear dependence, coupled with x'^ 45° suggests Maxwellian
behavior.
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Figure 4.1 1 Dependence of the steady state dichroism, An", versus the
shear rate, g, for 15 wt % silk in varying concentrations of aqueous LiBr.
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CHAPTER 5
POLY(VINYL ALCOHOL) HYDROGELS BY FREEZE/THAW PROCESSING
Introduction
Aqueous solutions of poly(vinyl alcohol) (PVOH) transform to physically
crosslinked hydrogels under a variety of conditions. Near room temperature, moderately
concentrated solutions of the neat polymer slowly develop the supermolecular order of a
gel, resulting in a small increase in elasticity.! '2 Subjecting the same solutions to
temperatures below 0°C, with subsequent thawing, rapidly produces a gel possessing a
modulus that is orders of magnitude greater than that of gels spontaneously formed at
room temperature.3.4 in addition to the change in modulus, freeze/thaw cycling
decreases tackiness and increases water resistance.^ To elucidate the effect of the
freeze/thaw process on the material properties, the structural changes that occur with such
processing must be understood.
The first effort to understand freeze/thaw processing of PVOH was that of
Peppas.6 He reported on turbidimetric studies of PVOH solutions frozen at -20°C for 45
to 120 minutes and subsequently thawed for long periods of time (up to 12 hours) at
23±1''C. Peppas attributed an increase in scattered light intensity with time to partial
crystallization of chain segments into microcrystalline structures. The crystallization was
postulated to occur during the thaw portion of the freeze/thaw cycle.
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Thermal and structural studies were later performed to verify an increase in
crystallinity with freeze/thaw cycling. Differential scanning calorimetry (DSC)
demonstrated that double endothermic peaks could be produced as the number of freeze-
thaw cycles increased, a trend attributed to the development of polymorphic crystalline
regions with repetitive cycling7 However, the freeze/thaw protocol applied to these
samples, specifically the long thaw times, introduced possible aging effects, which
confuse data interpretation.
Supporting Peppas's theory of structure formation by crystallization in PVOH,
X-ray diffraction of freeze/thaw cycled gels by Yokoyama and coworkers showed an
increase in the scattered intensity at the Bragg angle corresponding to the 101 reflection
of PVOH crystals.5 However, the peak was relatively weak, precluding rigorous analysis
of the change in crystallinity with cycling. Scanning electron microscopy (SEM) studies
of changes in gel morphology with freeze/thaw cycling were also conducted. Varieties of
morphologies were reported in the literature, ranging from porous honeycomb-like
structures5.7 to fibrillar networks.8>9 However, the sample preparations involved in
these morphological investigations included either removal of the water by extraction
with alcohol or fixation of the gel in a glutaraldehyde acid medium—all with subsequent
critical point drying.
The parameters which affect the final properties of PVOH gels prepared by
freeze/thaw cycling are varied and include the number of freeze/thaw cycles and the
temperatures and times of both the freezing and subsequent thawing. Despite intense
study, uncertainty about the effect of freeze/thaw cycling on gelation and structure
formation remains for these materials. Rigorous analysis of changes induced by
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processing is limited, as the overwhelming presence of water in hydrated structures
complicates data interpretation from microstructural characterization techniques such as
X-ray scattering. Furthermore, the dependence of the gel properties and structure on the
presence of water suggests that microscopy sample preparation methods such as those
employed in traditional electron microscopy are likely to produce morphologies
unrepresentative of the hydrated state. The propensity of PVOH gels to age by expulsion
of water further complicates elucidation of all relevant factors in gel structure
formation. 10
In this work, we apply cryogenic methods of sample preparation and direct
observation by cryogenic TEM to obtain images representative of the hydrated state in
PVOH gels produced by freeze/thaw cycling. Observed changes in morphology are
directly related to a progressive mechanism of structure formation in PVOH gels due to
freeze/thaw cycling and aging. Together with X-ray scattering and optical microscopy, a
detailed look at structure formation in PVOH gels with freeze/thaw processing and time
is accomplished.
Experimental
Hydrogel Preparation
The poly(vinyl alcohol) used for this study is obtained commercially. The
numerical product grade code indicates a polymer viscosity of 28 millipoise at 20°C in a
4% aqueous solution, with a degree of saponification of 99.4 ± 0.4 %. The molecular
weight quoted by the manufacturer is 145,000, with an approximate degree of
polymerization of 3300. NMR reveals that the polymer is atactic.
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Solutions are prepared by mixing polymer with ultrapure water to give 19 wt %
PVOH. Dissolution is achieved by placing the mixture in a jacketed beaker, heated to
90°C by circulating water from a thermally controlled bath, while the mixture is slowly
stirred with a motorized Teflon stir rod. After 90 minutes at 90°C, the solution is cooled
to 60*'C for better handling. Solutions are stored in sealed containers kept at 55°C, just
above the temperature at which cloudiness occurs.
For processing, molds are constructed by cutting cavities of approximately 2.5 cm
diameter in a 0.16 cm thick foam sheet coated on both sides with an acrylic pressure-
sensitive adhesive inert to the hydrogel. Approximately 0.8 g of solution is transferred
into a cavity by syringe, with the cavity subsequently sealed on either side by a polyester
film coated with silicone. The molds are placed into a moisture impermeable foil pouch,
which is then sealed. To initiate the freeze/thaw protocol, foil pouches are inserted into a
Sun Systems environmental chamber, Model EC IX, which allows computer control and
monitoring of programmed temperature profiles. A graphical interface program collects
and plots the programmed temperature, the ambient chamber temperature, and the
temperature of a probe attached to the foil pouches.
A representative temperature profile for one freeze/thaw cycle is shown in Figure
5.1. At the beginning of the process, the sample is equilibrated for 10 minutes at 20°C.
Then, the desired number of freeze/thaw cycles is applied. One freeze/thaw cycle
consists of cooling the sample from 20°C to -20°C at a rate of 5° per minute, holding at
-20°C for 30 minutes, heating to 5°C at a rate of 57min, and then maintaining this
temperature for thirty minutes. Either the cycle is then repeated, or the sample is heated
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to 20°C at 57min, held for 3 additional minutes and removed from the chamber.
Completed gels remain sealed and are stored at 25°C.
Characterization
Cryogenic electron microscopy techniques, as described in Chapter 2, allow
observation of hydrated structures, but the sample preparation requirements are strict.
With aqueous samples, all steps involved in cryogenic TEM must result in and maintain
vitrification of water to yield realistic structural representation.! 1
Specimens of PVOH gel approximately 1 mm^ are mounted and quenched in
liquid propane, resulting in formation of amorphous, vitrified water in the first 10 ^im of
the bulk sample. 12 Vitrified samples are transferred under liquid nitrogen to a
cryomicrotome where thin sections -500-700 A thick are collected on TEM grids at
-175°C. The grids are then transferred under liquid nitrogen to a cryotransfer stage that
maintains the sample at liquid nitrogen temperature (-190°C) during transfer and
subsequent TEM observation.
Transmission electron microscopy is performed at 300 kV, with exposure to the
electron beam controlled through beam current, spot size, and aperture selection. The
actual length of exposure is also timed and normalized. Table 2. 1 summarizes the
conditions used to image and record the gel morphologies.
For X-ray scattering experiments, prepared gels are sealed in Kapton film to
reduce water loss during data collection. Scattering at wide angles is analyzed using a
diffractometer, which has a radiation source that generates CuKa radiation (A,= 1.542 A) at
40 kV and 30 mA, and a proportional scintillation counter for detection of scattered
intensity. Collimation of the beam is achieved with a system of slits 0.3 mm in width
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before and after the sample and a slit 0.15 mm before the detector. Intensity scans are
collected over diffraction angles, 29, of 2° to 40° at every 0. 1°, and counts are taken for
120 seconds at each diffraction angle to ensure sufficient intensity.
X-ray scattering at small angles is measured using a general area detector and a
rotating anode X-ray source, which produces CuK« radiation at 40 kV and 200 mA. The
beam is collimated with a pinhole collimator 0.15 mm in diameter. The distance from the
sample to the detector is 100 cm, with the capability of detecting scattering from features
up to 40 nm. Scattering from the gels at small angles is very weak, and therefore,
intensity data is collected for three hours. The resulting two-dimensional scattering
pattern is then integrated over the azimuthal angle, (|), to obtain a line trace of the overall
scattered intensity.
Optical microscopy is performed in both direct transmission mode and
transmission through a system of crossed polarizers on thin films of PVOH gel that have
been produced by the intentional overflow of the molds used for gel preparation. Lenses
on the optical microscope allow observation at magnifications of 5X and 20X. Images
are recorded using a 35 mm camera attached to the microscope with tungsten-balanced
color slide film.
Results
As described earlier in Chapter 2, the PVOH gel structure is imaged in
transmission electron microscopy by the contrast developed as a result of etching by the
beam. Initially, for a fresh sample with little or no accumulated beam exposure, no
contrast is seen. The subsequent appearance of monodisperse regions of higher scattering
power indicates crystallization of water from beam exposure. After sufficient exposure,
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sublimation of the crystallized water in the vacuum of the microscope leaves holes, which
appear as the pore structure of the gel. The final morphology is defined by images taken
at a prescribed length of time—selected to be representative of gel structure at a point of
minimal beam damage and optimal imaging conditions. Figure 5.2 depicts the
mechanism of contrast schematically. The chosen imaging parameters are applied to
every sample for structure comparability.
Depending on process conditions and aging time, the PVOH hydrogel structures
appear to fall on a continuum between a morphology characterized by circular pores and
one characterized by a fibrillar network. Images of uncycled solutions, shown in Figure
5.3 and 5.4, provide examples of each type of morphology observed. Sections of a
vitrified fresh solution of 19% PVOH reveal a morphology of circular, closed pores, as
seen in Figure 5.3. The closed pore structure of the fresh solution which has not
undergone cycling or been allowed to gel suggests a random distribution of polymer-rich
and polymer-poor regions—concentration fluctuations due to liquid-liquid demixing.
Spontaneous gelation of poly(vinyl alcohol) solutions at room temperature is
believed to proceed via a liquid-liquid phase separation which is frozen in by
crystallization. 13 Sections are shown in Figure 5.4 that ai-e taken from a solution that has
gelled and further aged for one year. In this amount of time, the sample has transformed
to a gel with expulsion of 8 wt % of the original water content. The morphology consists
of a fine, fibrillar network. This morphology suggest that after one year, the polymer-
rich regions of the original PVOH solution have developed three-dimensional fibrous
structures (Figure 5.4) and the polymer-poor regions have expelled water. Fibrous
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structures in the polymer matrix suggest a degree of structural organization that likely
includes crystalline regions and interchain hydrogen bonding.
The length scale or mesh size of observed structures for both the fresh and aged
PVOH solutions are on the order of 10 to 20 nm. This length scale is dramatically
different than previously reported length scales on the order of 4 i^m for PVOH
hydrogels.l4
Morphologies created by either cycling or aging lie on a spectrum between the
circular closed pore morphology and the fibrillar morphology. In Figure 5.5, TEM
micrographs are shown for a gel formed by one freeze/thaw cycle (N=l). The
morphology consists of circular closed pores that are slightly more distinct and more
monodisperse than the fresh solution morphology of Figure 5.3. However, if an N=l
hydrogel sample is allowed to age while sealed in the preparation mold, the morphology
changes. The influence of aging on gel structure can be seen in Figure 5.6, which is a
TEM micrograph of a one-cycle gel aged in a sealed mold for six weeks. The
morphology consists of circular pores, some of which have coalesced, and fibrous
structures in regions of the polymer matrix.
After 12 freeze/thaw cycles, the morphology of a fresh PVOH hydrogel evolves
similarly to the aged one-cycle sample. As seen in Figure 5.7, circular pores are present,
but various portions of the polymer matrix show the appearance of fibrous structures.
These structures appear dark in the bright-field TEM for two reasons: (1) because they
are thicker and produce mass thickness contrast, a result of their dimensionality and (2)
because they produce scattering contrast from ordered material, likely a result of
crystallinity. 15 Both reasons suggest that the polymer matrices in a six week old N=l gel
97
and a fresh N=12 gel have developed a greater degree of higher order structure over the
newly made N=l gel.
At N=24, a freshly prepared hydrogel possesses a morphology characterized
distinctly by a three dimensional fibrillar network, as seen in Figure 5.8. Therefore,
additional cycling enhances structure formation in the polymer matrix. A qualitative look
at the nature of the crosslinks in the gel is possible by X-ray diffraction. As seen in
Figures 5.9 and 5.10, intensity traces show the emergence of a reflection at 20 = 19.75°
with increased cycling and aging time. This reflection corresponds to the main
crystalline reflection in the PVOH crystal, hkl = 101,^^ indicating an increase in
crystallinity—most markedly with increased cycling. Quantitative analysis is disallowed
by the convolution of a substantial amorphous halo for the polymer with that of water.
Small-angle X-ray scattering from the hydrogels ensures that the structure
imaged in TEM manifests minimal disruption of the nascent gel structure. Scattering
from hydrated gels, although very low in intensity, indicates regions of different
scattering densities on the order of 10 to 20 nm for both a one-cycle gel and a twelve-
cycle gel (Figure 5.11). This length scale corresponds directly to that shown by the
morphology images. Additionally, with increased cycling, the size of the scattering
regions does not change appreciably, but the intensity increases, suggesting that the
structure becomes more distinct. This, too, agrees well with the images, which depict
increased formation of rigid, fibrous structures in the polymer matrix with increased
freeze/thaw cycling.
Although the morphology of the aged N=l hydrogel suggests a similarity in
structure formation with aging and cycling, aging does not produce gels which are similar
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from a properties perspective. A one-cycle gel that has been aged has a lower modulus
than a twelve-cycle new gel. Furthermore, the appearance of an N=12 gel is opaque,
whereas an aged N=l gel is only slightly turbid. Figure 5. 12 is an optical micrograph of
an N=l gel taken in transmission. No features are present. However, at N=3, fibrillar
regions in the gel are beginning to appear on the length scale of 10 |im, as seen in Figure
5. 13. These features become more distinct with increasing number of freeze/thaw cycles.
Figure 5.14 is an optical micrograph of an N=12 gel, and Figure 5.15 shows the features
in an N=24 gel. In all cases, these features are formed by the dendritic crystallization of
water during the freeze/thaw process. As the number of cycles increases, the
distinctiveness of these "ghosts" of ice formation increases, and give the gels which have
been cycled numerous times their opaque appearance.
Gels that have only been cycled once exhibit a lesser amount of turbidity, which
develops as the gels age. Figure 5.16 shows images of one-cycle gels taken using a
digital camera. The gels are backlit using a variable-intensity light box, and optically
polarized sheets of plastic above and below the gel are rotated at 90° with respect to one
another. The fine pattern in the gel that becomes apparent as turbidity increases is caused
by the same ice crystallization that produces fibrous structures in the gels cycled
numerous times. The pattern is not visible in the one-cycle gel until the expulsion of
water with aging produces contrast.
The propensity of the hydrogels to expel water as they age is also an important
difference between cycled and aged gels. Figure 5.17 is a graph of water loss from a
19 wt % PVOH hydrogel with cycling and with aging. The water loss demonstrated by
PVOH gels directly from cycling is small (~2 wt %) and does not appear to depend on
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the number of cycles. However, the water loss that occurs with aging is significant (up to
20 wt %) and is dependent on the aging time. Therefore, the similar morphology and
structure formation observed for the cycled and aged samples is more appropriately
attributed to the phase separation between the water and polymer on a very small length
scale. The overall properties, including the modulus and the optical properties, on the
other hand, are affected by the demixing which occurs on a much larger length scale, due
to ice crystallization or expulsion of water from the gel itself.
Conclusions
For freeze/thaw cycling to enhance the process of gelation and structure
formation, producing stronger gels more quickly, the phase separation between the water
and PVOH and the hydrogen bonding/crystallization of PVOH segments must be
facilitated. After one freeze/thaw cycle, the circular closed pore morphology observed
indicates that liquid-liquid phase separation and the resulting concentration fluctuations
are the primary components of the gel structure. This phase separation allows for
interchain hydrogen-bonding and crystallization of the polymer segments to occur, but
the absence of well-defined structures (such as fibrous structures or directly observable
crystallites) suggests that the degree of higher order structure formation is small. Solid
state NMR results based on differences between relaxation or spectral parameters of
mobile and rigid chain segments indicate that the fraction of rigid material in a 19 wt %
PVOH hydrogel formed by one freeze/thaw cycle is approximately 5% by weight of the
polymer. 1^ Details of the rigid-segment '^C spectra indicate that not all of the rigid
segments are involved in crystalline structures, but that a significant portion of the rigid
material in an N=l gel is characterized by hydrogen-bonding to water. Additionally,
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information about crystal size found by 'H spin diffusion with '^C detection indicates that
the domains of rigid material are smaller than 10 nm. These results on the amount, nature
and size of higher order structures in one-cycle gels are consistent with the morphology
results reported here.
With increasing numbers of freeze/thaw cycles, purification of the polymer rich
regions occurs as the water in the PVOH solution crystallizes during each processing
cycle. This purification increases the phase separation between the water and the PVOH
and as the gel thaws, the polymer-rich regions undergo increasing amounts of hydrogen-
bonding and crystallization. Solid state NMR results for an N=12 cycle gel verify that
the amount of rigid material—chain segments involved in either hydrogen bonding or
crystallization—increases with increased cycling to 12% by weight of the polymer in a
19 wt % PVOH hydrogel. Furthermore, the amount of interchain hydrogen bonding
increases over that present in an N=l cycle gel.l^
Unfortunately, the process of freeze/thaw cycling does not provide a means of
advance-aging the samples, as the changes in gel structure on all length scales does not
directly map for cycling and aging. The water lost from the gel structure during aging is
the most important determinant of the properties of aged gels.
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Figure 5.1 Temperature profile of one freeze/thaw cycle. The user
temperature indicates the temperature of a thermocouple attached to the
foil pouches containing PVA solution.
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Figure 5.2 A schematic of the contrast mechanism as it forms in PVOH
gels. After a given residence time in the electron beam, monodisperse
regions of increased scattering power appear (A), which indicate
crystallization of water. With continued imaging, these regions are seen to
disappear with sublimation of the water, leaving behind holes (B), a three-
dimensional fibrillar network (C), or a combination of the two.
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Figure 5.3 Image of a section taken from vitrified fresh solution of 19%
PVA with no cycling or gelation. A morphology consisting of circular,
closed pores is evident. The negative image, B, is shown, as well, to
emphasize the pore structure.
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Figure 5.4 Image of a section taken from vitrified solution aged for 1 year
with gelation and water loss. The morphology is characterized by a three-
dimensional fibrillar network. (B = negative image)
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Figure 5.5 Image of a one-cycle PVOH gel, < 8 hours old. A circular pore
morphology is seen. (B = negative image)
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Figure 5.6 Image of a one-cycle PVOH gel, aged for 6 weeks in a sealed
mold. A combination morphology of coalesced circular pores and regions
of fibrillarization can be seen. (B = negative image)
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Figure 5.7 Image of a 12-cycle PVOH gel, new (<8 hours old). The
morphology is a combination of coalesced pores and fibrillarization.
(B=negative image)
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(B)
Figure 5.8 Image of a 24-cycle PVOH gel, new (<8 hours old). The
morphology is a characterized predominantly by a dense fibrillar network.
(B = negative image)
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Figure 5.9 Wide-angle X-ray intensity traces of PVA gels with different
cycling and aging profiles. The reflection at 19.75° corresponds to the
main crystalline reflection in the PVA crystal, hkl = 101.
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Figure 5.10 X-ray intensity traces of PVA gels with different cycling and
aging profiles. The reflection at 19.75° corresponds to the main crystalline
reflection in the PVA crystal, hkl = 101.
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Figure 5.1 1 For a camera length of 100 cm, the scattering between 0.31°
and 0.62° is indicative of d-spacings for features between 10 and 20 nm.
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Figure 5.12 Optical micrograph of a film of PVOH hydrogel, N=l.
(Magnification 20X)
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Figure 5.13 Optical micrograph of a film of PVOH hydrogel, N=3.
(Magnification 20X)
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Figure 5.14 Optical micrograph of a film ofPVOH hydrogel, N=12.
(Magnification 20X)
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Figure 5.15 Optical micrograph of a film of PVOH hydrogel, N=24.
(Magnification 5X)
116
2 weeks old
8 weeks old
Figure 5.16 Optical photographs of 19% PVOH, one-cycle hydrogels
taken between crossed polars, depicting the appearance of turbidity and
distinct optical patterns with age.
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Water Loss from Gels
with Cycling and Aging
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Figure 5.17 A plot of the amount of water lost from gels with cycling and
with aging. Gels are cycled and aged in sealed molds, with aging taking
place at ~25°C. The greatest change in water content occurs with aging.
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CHAPTER 6
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
Conclusions
Utilizing a combination of traditional and emerging characterization techniques,
we have obtained information about structures formed by systems undergoing aqueous
processing. We have demonstrated the potential of direct cryogenic observation of bulk
aqueous systems in the TEM by producing images of a cholesteric silk mesophase in the
silk spinning glands of spiders and silkworms. In addition, we have imaged the
morphologies formed by freeze/thaw-cycled PVOH hydrogels correlated them with
processing protocol and aging time. Both systems provide methods of contrast for direct
TEM observation and allow imaging of the microstructures without intrusive sample
staining or fixation before observation.
Our observation of cholesteric mesophase formation in silk spinning is counter to
previous expectations. The postulated liquid crystalline phase of silk has previously been
assumed to be nematic, based on the observation of rheological properties such as
decreasing viscosity with increasing shear rate along the length of the gland. However,
the chirality of the silk molecule, the observation that secondary and tertiary structures
are favorable under certain conditions, and the ability of a cholesteric to be untwisted to a
nematic in flow all suggest that the formation of a cholesteric by silk fibroin in solution is
a reasonable behavior to expect.
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The rheo-optical investigation of silk in aqueous 9M LiBr shows a concentration
dependence for the birefringence of An' ~ c^ ^ and the same concentration dependence is
found for the stress response, a.^ ~c^ ^ This suggests a stiff, wormlike conformation for
the silk molecules in concentrated salt solution. Concentrations of salt and silk which
more similar to the makeup of the silk gland are not accessible with solutions produced
from the resolubilization of cocoons due to the instability of the resulting aqueous
solutions. However, allowable decreases in salt concentration do show behavior
suggestive of possible mechanisms for structure formation. Decreases in salt
concentration and pH tend to increase the degree of alignment in response to shear stress.
Furthermore, the tendency to for protein chains to associate is enhanced by decreasing
salt concentration and decreasing pH. These associated structures give rise to increased
alignment with decreased salt concentration and decreased pH and may eventually form
the cholesteric mesophase.
The morphologies imaged for PVOH hydrogels produced by freeze/thaw cycling
suggest a progressive nature to the mechanism of gelation. After one freeze/thaw cycle,
the circular, closed-pore morphology observed indicates that liquid-liquid phase
separation and the resulting concentration fluctuations are the primary components of the
gel structure. With increasing numbers of freeze/thaw cycles, purification of the polymer
rich regions occurs as the water in the PVOH solution crystallizes during the processing
cycle. This purification increases the phase separation between the water and the PVOH
and as the gel thaws, the polymer-rich regions undergo increasing amounts of hydrogen
bonding and crystallization. Unfortunately, the process of freeze/thaw cycling does not
provide a means of advance aging the samples, as the changes in gel structure on all
121
length scales does not directly map for cycling and aging. The water lost from the gel
structure during aging is the most important determinant of the properties of aged gels.
Suggestions for future Work
Silk Fibroin
The potential for intermolecular interactions and formation of associated
structures in aqueous silk fibroin can lead to the formation of a physically crosslinked
gel. Recent efforts have been made to evaluate silk fibroin gels from regenerated
Bombyx mod cocoon silk for use in biomedical applications as diverse as enzyme
immobilization and oral dosage drug delivery. 1 '2 xhe ability of silk fibroin to aggregate
and form gels is related to the ionic strength, pH, and overall solvent quality, as we
observed in the solution studies reported here.^ Infrared spectra and X-ray diffraction of
silk fibroin gels indicate that the crosslinks in the gel are due to crystallization of the
fibroin molecules in the p sheet form.4,5 jhis gelation by crystallization is similar to that
seen for poly(vinyl alcohol) in water. In addition, porous materials have been generated
from silk fibroin by freezing of the aqueous solutions at temperatures of
-18, -45, and
-80°C to induce phase separation and aggregation.
^
Although the gels which result from silk fibroin gelation do not possess the
mechanical properties that poly(vinyl alcohol) gels possess, similar interactions seem to
give rise to the formation of the three-dimensional network. This suggests that
application of cryogenic techniques for sample preparation and observation by TEM may
provide information about the structural development that takes place in aqueous
solutions of silk fibroin, which undergo gelation. Furthermore, the resulting
morphologies of silk fibroin gels may provide more information regarding the self-
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assembly of silk protein in solution and the conformation of the molecule at various
conditions.
Poly(vinyl alcohol)
The PVOH solutions and resulting hydrogels that have been characterized for this
study consist exclusively of high molecular weight, atactic polymer, with negligible
residual acetate content. These systems are therefore devoid of inhibitors to structure
formation. Application of the same characterization techniques to systems that possess
differing tacticities, higher amounts of residual acetate content, or greater degrees of
structural irregularity would provide complementary information to the results presented.
In addition to knowing the effect of structural inhibitors inherent to the molecular
structure, information regarding the effect of additives to the poly(vinyl alcohol) system
would be useful to the evaluation of potential applications. Recent studies have evaluated
the feasibility of PVOH hydrogels as artificial muscles in systems that include
amphoteric polymer additives that respond to chemical and electrical stimuli.7,8
However, advanced applications are not the only reason that additives are generally
included in PVOH hydrogels. Microbial proliferation and subsequent polymer
degradation are concerns that affect the potential of these materials for biomedical and
pharmaceutical application. Additives are generally used to inhibit growth of organisms
in the gels. The effects of such additives on structure formation could be elucidated using
the techniques applied to neat polymer gels in this work.
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